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Understanding how microorganisms influence the physical
and chemical properties of the subsurface is hindered
by our inability to observe microbial dynamics in real time
and with high spatial resolution. Here, we investigate
the use of noninvasive geophysical methods to monitor
biomineralization at the laboratory scale during stimulated
sulfate reduction under dynamic flow conditions. Alterations
in sediment characteristics resulting from microbe-mediated
sulfide mineral precipitation were concomitant with
changes in complex resistivity and acoustic wave propagation
signatures. The sequestration of zinc and iron in insoluble
sulfides led to alterations in the ability of the pore fluid
to conduct electrical charge and of the saturated sediments
to dissipate acoustic energy. These changes resulted
directly from the nucleation, growth, and development of
nanoparticulate precipitates along grain surfaces and within
the pore space. Scanning and transmission electron
microscopy (SEM and TEM) confirmed the sulfides to be
associated with cell surfaces, with precipitates ranging from
aggregates of individual 3-5 nm nanocrystals to larger
assemblages of up to 10-20 µm in diameter. Anomalies in
the geophysical data reflected the distribution of mineral
precipitates and biomass over space and time, with temporal
variations in the signals corresponding to changes in the
aggregation state of the nanocrystalline sulfides. These results
suggest the potential for using geophysical techniques
to image certain subsurface biogeochemical processes,
such as those accompanying the bioremediation of metal-
contaminated aquifers.

Introduction
The problem of groundwater contamination by acid-mine
drainage, industrial sources, and government nuclear weap-
ons programs has spawned interest in the ability of micro-
organisms to facilitate remediation through sequestration
of metals in insoluble precipitates (1-4). One major barrier

to successful implementation of bioremediation has been
the inability to monitor microbial activity and mineral
precipitation at sufficiently high spatial resolution and over
large enough areas to understand where, when, and how
treatment is occurring (5, 6). In addition, although bio-
stimulation may prove initially effective, it may be difficult
to verify stability of the treatment in the long term (7). Here,
we demonstrate a method analogous to noninvasive medical
imaging techniques that enables time-resolved imaging of
dynamic subsurface processes. Development of such tech-
niques at the field scale could be invaluable for guiding
environmental remediation approaches and for monitoring
long-term stewardship activities at contaminated sites.

High-resolution geophysical techniques have proven
extremely useful at the field scale for estimating hydrogeo-
logical properties (e.g., lithology, hydraulic conductivity, and
moisture content), providing information about subsurface
environments not directly accessed by boreholes (8). Al-
though numerous studies have utilized such techniques to
detect abiotic changes in physical and chemical properties
(9-11), relatively few have explored their use in monitoring
microbial processes in the subsurface (12, 13). In this study,
we test the sensitivity of two geophysical techniques, complex
resistivity and acoustic wave propagation, to the products of
microbial biomineralization.

All active geophysical techniques are based upon the
principle of introducing a source signal (e.g., an electrical
current or an acoustic wave) into a volume of subsurface
material and measuring the resulting response signal at
selected locations (either at the surface or in boreholes) within
this volume. Subtle changes in the physical and chemical
properties of the material can dramatically alter the response
signals. Such property differences include changes in fluid
and rock conductivity, grain size, consolidation state, and
degree and type of pore fluid saturation (14). The geophysical
techniques studied here are impacted to varying degrees by
such changes, in particular, those affecting the electric charge
carrying capacity (complex resistivity) and the elastic moduli
of sediments and pore fluids (acoustic wave propagation).

For subsurface investigations, the complex resistivity
method involves the injection of variable frequency currents
into the ground and the measurement of resulting voltage
potentials via electrodes located both above and below the
ground surface. Differences between phase and magnitude
of the measured potentials relative to the injected current
determine the frequency-dependent electrical resistivity of
the subsurface. Regions exhibiting a strong frequency
dependence (i.e., those exhibiting a large phase shift) are
found to correspond to areas where charge migration by
electrolytic transfer in the pore fluid is impeded due to a
variety of interfacial conduction mechanisms (15). These
include regions where the charge transfer changes from
electrolytic to electronic (such as in pore-blocking mineral-
ized rocks) or where grain surface features impede the normal
flow of current carrying ions (such as in clay-bearing zones
or other areas of high surface charge density). As a result,
reactions that alter the way in which electric charge is
conducted through the pore space (e.g., mineral precipita-
tion) should lead to observable changes in the measured
phase response of sediments undergoing bioremediation.

The acoustic wave technique relies on the propagation of
acoustic or mechanical waves through the subsurface.
Changes in both velocity and amplitude of the waves are
directly related to the bulk elastic properties of the sediments
and pore fluids, which in turn depend on compositional
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variations in rock type, fluid chemistry, and intergranular
structure (16). Recent advances in modeling acoustic wave
propagation have shown mixed porosity systems to be of
critical importance in governing the degree to which wave
amplitudes are attenuated (17). These models predict that
local environments having heterogeneous pore-scale prop-
erties can represent regions of significant acoustic wave
attenuation. As a result, reactions leading to the creation of
subsurface heterogeneity (e.g., areas of mineral precipitation/
dissolution, biomass development, etc.) may alter the way
in which acoustic waves pass through regions undergoing
enhanced metabolic activity.

Our primary objective was to follow the reaction dynamics
of a column-scale biostimulation experiment using con-
ventional biogeochemical and mineralogical measurements,
as well as using noninvasive geophysical techniques. We
tested the hypothesis that metal sequestration via microbe-
induced sulfide precipitation creates physical property
changes that directly alter the response of geophysical signals.
We compared the temporal response of such signals against
concomitant changes in fluid chemistry and microbial
biomass to investigate if the geophysical responses are
sensitive to the products of biomineralization. Finally, we
validate our interpretation of the geophysical responses using
electron microscopy techniques.

Materials and Methods
We investigated the use of geophysical techniques for
monitoring microbe-induced ZnS and FeS precipitation
within saturated sand-packed columns using the sulfate-
reducing bacterium Desulfovibrio vulgaris. The experiments
were conducted under temperature-controlled conditions
over a period of 78 days using five polycarbonate columns
having inner diameters of 5.0 cm and lengths of 30.5 cm (see
Supporting Information). Each column was designated for
a specific set of measurements, including multi-port fluid
sampling, complex resistivity, acoustic wave propagation,
and two abiotic controls. The control columns differed only
in their lack of inoculum and were used to test abiotic
geochemical effects on the geophysical signals. Fluid samples
and geophysical data were collected every 3-6 days along
the length of the column, with more frequent sampling earlier
in the experiment. Upon termination, the three inoculated
columns were destructively evaluated, and sediment samples
were collected to determine grain-affixed biomass, extractable
metals, and provide material for electron microscopy.

The sand used to fill the columns was composed of 99.8%
quartz and 0.2% magnetite with particle diameters ranging
from 600 to 800 µm. The sand was pretreated with H2O2 and
a mixture of sodium citrate, NaHCO3, and Na2S2O4 to remove
organics and iron oxides before being rinsed, autoclaved,
and dried at 105 °C. The columns were sterilized using
ethylene oxide, and the sand was added in a way that
minimized grain sorting through gentle tapping of the
column. The porosity of the sand varied slightly for each
column and was determined to be 0.37 ( 0.01, with a resulting
pore volume being 229 mL ((6 mL). To eliminate entrapped
air bubbles, each column was flushed with sterile N2 before
being saturated with 10 pore volumes of deaired and
autoclaved, lactate-deficient feed solution.

The feed solution used to saturate the columns had
previously been found to support growth of D. vulgaris and
was designed to resemble metal- and sulfate-rich ground-
water amended with a source of organic carbon (lactate).
Final molar concentrations of the primary constituents were
as follows: lactate, 2.8 mM; SO4

2-, 3.93 mM; Zn2+, 306 µM;
and Fe2+, 360 µM. The fluid conductivity of the influent
solution was 1300 ( 40 µS/cm and remained stable over the
experimental period. The fluids were rendered anoxic by
boiling and cooling under a stream of N2 and were heat

sterilized at 121 °C for 15 min. Before being introduced to
the columns, the redox potential of the solution was lowered
to an Eh value characteristic of sulfate reduction (-100 mV)
through the addition of a mixture of sodium thioglycollate
and ascorbic acid (18).

Cells of D. vulgaris were grown to stationary phase in an
enriched (10X) version of the feed solution, centrifuged, rinsed
three times, and resuspended in a lactate-deficient version,
20 mL of which was injected into each column via a syringe
needle inserted 13-16 cm below the top. Standard methods
for the culture of anaerobic bacteria were used throughout.
The cells were allowed to affix to the sand grains for a total
of 4 days before commencing flow, after which time lactate-
amended fluids were introduced to each column from the
bottom using a multichannel peristaltic pump. The columns
were operated under continuous advective flow at a rate of
1.75 pore volumes per day, equivalent to a pore water velocity
of 0.53 m day-1. All experiments were conducted within an
anaerobic chamber maintained under an atmosphere of N2/
H2 (95:5).

Solution samples from the influent, effluent, and multi-
port samplers (located at 3.8 cm intervals) were analyzed for
major dissolved components at 3-5 day intervals over the
first month of the experiment and with less frequency
thereafter. Total dissolved Zn and Fe was determined by
inductively coupled plasma atomic emission spectroscopy
(ICP-AES). Lactate, acetate, and sulfate concentrations were
determined by gradient elution ion chromatography (IC).
Solution pH was measured using a sulfide-tolerant electrode.
Planktonic cell concentrations were determined using quan-
titative live/dead staining (19) for each sampling location at
six time points during the experiment (days 2, 12, 19, 29, 53,
and 64).

Electrical measurements of both phase (φ) and conduc-
tivity magnitude (|σ|) were made with a two channel dynamic
signal analyzer operated over the frequency range of 0.1-
1000 Hz (20). Eight nonpolarizing Ag/AgCl electrodes were
placed 3.5 cm apart along the length of the column, with
inert gold current injection electrodes placed at either end.
To minimize spurious polarization effects, the electrodes did
not lie within the current flow path but were instead
electrically coupled through the walls of the columns via a
gel-based electrolyte that was found not to impact the quality
of the measurements. Measurements were made between
pairs of electrodes for all possible locations approximately
once per week, with a more frequent interval earlier in the
experiment.

Acoustic wave measurements were made using two fluid-
coupled 1000 kHz piezoelectric transducers connected to a
high-voltage pulser-receiver. An acoustic wave pulse was
emitted from the source transducer and detected by the
receiving transducer located on the opposite side of the
column. The transducers were maintained in a fixed position
within the walls of a fluid-filled tube into which the column
was placed; it was then raised and lowered to make
measurements along the length of the inoculated and control
columns. Velocity and amplitude were determined for each
location using the arrival time of the first break and the
maximum peak-to-peak voltage, respectively, and compared
to the corresponding baseline values. Measurements were
made in 2 cm increments approximately once per week, with
a more frequent interval earlier in the experiment.

Saturated hydraulic conductivity (Κs) measurements were
obtained for both an inoculated and a control column at
four times (baseline and days 17, 20, and 53) during the
experiment using a constant head gradient method. Fluid
flow was established for a specific head differential (7.0 cm),
and the volume of fluid passing through the column per unit
time was determined.
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Following the 78 day flow period, destructive analysis
provided samples for determining the concentration of
sediment-affixed metal sulfides and microbial biomass. The
distribution and concentration of solid-phase Zn and Fe on
the sand grains was determined by extraction of 1.0 g samples
in 5 M HCl (collected at 2 cm intervals from each of the three
inoculated columns). The dissolved solution was filtered,
diluted with deionized water, and analyzed by ICP-AES for
total Fe and Zn. The grain-affixed biomass was determined
through phospholipid fatty acid analysis of 5.0 g samples
(collected at 3.5 cm intervals from each of the three inoculated
columns) using methods described elsewhere; the total
extractable polar lipids were used to determine the viable
biomass per gram of sediment for each location (21).

Post-experimental analysis also provided samples for
characterizing microbe-mineral associations and the crystal
size and aggregation state through the use of scanning and
transmission electron microscopy. Samples for SEM were
collected at 4.0 cm intervals along each of the columns in a
method similar to that of Vandevivere and Baveye (22). These
were immersed overnight in a 2.5% solution of glutaralde-
hyde, rinsed 3 times in phosphate buffer, dehydrated in an
ethanol series, and dried in a critical point drying unit with
CO2 as the transitional fluid. Samples were extruded onto
carbon-coated stubs, sputter-coated with carbon, and ana-
lyzed using a Philips XL30 SEM fitted with backscattered and
secondary electron detectors. Solid phases were prepared
for TEM analysis by immersing 0.5 g of sediment in 2.5%
glutaraldehyde and gently shaking to separate the cells and
precipitates from the sand grains. The supernatant was
removed and allowed to fix overnight, before being rinsed
in phosphate buffer, dehydrated in an ethanol series, and
embedded in LR White hard grade resin. The polymerized
samples were sectioned on a microtome (70 nm thickness)
and analyzed using a JEOL 2010 TEM operating at 200 kV.
All SEM and TEM samples were preserved anaerobically until
the time of analysis.

Results
Aqueous Phase Dynamics. The influent solution concentra-
tions of lactate, SO4

2-, Zn, and Fe for all columns remained
relatively constant over time, with variations never exceeding
(1-2% of their initial values. In contrast, concentrations of
these same species near the point of inoculation (19.0 cm
from the inlet) began to decrease following a 3-4 day lag
period, reflecting a delay in the onset of sulfate reduction
(Figure 1A). Lactate concentrations fell from influent values
of 2.8 mM to levels below detection after 10 days. With the
exception of a 4-5 day period, they remained depleted for
the duration of the experiment. Sulfate concentrations
decreased from influent values of ∼3.9 mM to concentrations
of ∼2.3 mM by day 10, before declining to pseudo-steady-
state concentrations of 1.6 mM by day 30. This represents
a total decrease in sulfate of 2.4 mM, yielding a consumption
rate of 0.93 mmol kg-1 day-1. Acetate concentrations inversely
tracked those of lactate and sulfate, increasing from levels
below detection to a maximum concentration of 2.3 mM by
day 50. Aqueous Zn and Fe concentrations decreased from
their influent values (0.31 and 0.36 mM, respectively) to levels
essentially below detection by day 12 in a pattern closely
following that of sulfate. Dark-colored mineral precipitates
were visible in each of the inoculated columns following the
onset of decreasing sulfate and metal concentrations. Varia-
tions in the effluent pH were modest over the experimental
period, never varying by more than (0.3 units from their
influent value of 6.8. The influent fluids were compositionally
identical for both inoculated and abiotic control columns,
and no significant change in the effluent concentrations of
lactate, sulfate, Zn, or Fe was observed for the control column
(data not shown).

Solution samples taken along the multi-port column
indicated that the location of active sulfate-reduction shifted
downward (i.e., toward the inlet end) over time. Solute
concentrations for a location 4.0 cm from the inlet end are
shown in Figure 1B. The overall trend with time for the five
species was similar for the two locations; however, the onset
of change for each was delayed by 7-10 days, as was the rate
of utilization. Neither lactate nor metal concentrations were
completely depleted at the 4.0 cm location until day 22. This
is in contrast to the 19.0 cm location (Figure 1A), where both
species had reached sparing amounts by day 12.

The concentration of planktonic cells in the multi-port
column exhibited a similar downward shift with time (Figure
2). Cell concentrations ranged from 103 to 105 cells/mL on
day 2, with the highest concentrations near the point of
inoculation. These values increased by nearly 2 orders of

FIGURE 1. Inoculated column solution chemistry during the
stimulation of D. vulgaris in the presence of aqueous zinc and iron:
lactate ([), acetate (]), sulfate (b), Fe (O), and Zn (0). Metal
concentrations are plotted on the right-hand axes. Data from two
locations are shown, with (A) 19.0 cm and (B) 4.0 cm from the
column base, respectively.

FIGURE 2. Spatiotemporal changes in the planktonic cell con-
centration of D. vulgaris during biostimulation. Locations represent
distances along the direction of flow, with the lower values located
near the inlet.
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magnitude by day 12, and the greatest increases were for the
downgradient locations. From day 19 through the end of the
experiment, the greatest increases in cell concentration
occurred closer to the base, from 4 to 12 cm. Although
downgradient concentrations decreased with time after day
19, they remained elevated by at least 2 orders of magnitude
and appeared to reach a steady-state level. Although not
shown in Figure 2, the cell concentration profiles for days 64
and 53 exhibited nearly identical trends.

Geophysical Response to Biomineralization. Complex
Resistivity. Differences between the phase (φ) of the injected
current and the resulting potential fields were used to identify
regions exhibiting anomalous phase behavior. The maximum
observed phase response at four column locations is shown
in Figure 3A. Deviations began after 6 days near the point
of inoculation (14 cm), reaching a maximum of 6 mrad on
day 10. Larger anomalies of 20 mrad were observed after 13
days at a location 4 cm from the base, and both locations
coincided with the visible accumulation of mineral precipi-
tates (see Supporting Information). No significant deviations
in φ were observed for sediments located between these two
positions or for downgradient locations (18 cm), all of which
lacked significant mineralization. Because no electrodes were
located at the base, heavily mineralized sediments were
removed from the bottom of the column (0 cm) after 74 days
to better assess their phase response. These sediments
exhibited the largest phase shifts, with values nearly 60 mrad
above those of control sediments. No significant phase shifts
were observed at similar locations along the length of the
metal-amended abiotic control column.

The anomalous phase behavior observed 4 and 14 cm
above the base exhibited a time-varying response, with values

of φ decreasing for both locations over time. The temporal
variability in the phase response for the 4 cm location is
shown in Figure 3B. Both the maximum phase shift and the
frequency at which it occurred decreased with time, although
a well-defined phase anomaly persisted for this location
throughout the experimental period.

Acoustic Wave Propagation. The acoustic wave signatures
began to deviate from their baseline values 10 days after
biostimulation began. Signals became increasingly attenu-
ated over time with only modest increases in wave velocity.
Signal modifications were strongly localized within an area
near the column base (Figure 4A,B). As compared to initial
conditions, amplitudes decreased by 86 and 36% at locations
2 and 6 cm from the base, respectively, reaching minimum
values 20 days into the experiment (Figure 4C). Sediment
velocities increased by no more than 1 and 0.5% for the same
locations. As with the phase responses, all changes tracked
the accumulation of mineral precipitates. Only modest
deviations in amplitude (less than or equal to (4%) were
observed for the downgradient locations, with velocities never
exceeding 0.4% of their baseline values. Identical measure-
ments made on a control column over the same period
showed little variability in either amplitude or velocity,
deviating by no more than (2 or (0.3%, respectively.

The anomalous acoustic signals also exhibited a time-
varying response, with wave amplitudes rebounding slightly
from their most attenuated levels. The onset of the rebound
occurred at different times for the locations that had exhibited
amplitude decreases (2, 4, and 6 cm). By day 27, amplitudes
had increased above their lowest levels by 11 and 16% for the
4 and 6 cm locations, respectively, and remained at these
levels for the remainder of the test. Amplitudes for the 2 cm
location did not rebound significantly until day 47, at which
time they increased by 11% above their lowest level (Figure
4C). At no point did wave amplitudes in this region return
to baseline levels.

FIGURE 3. (A) Maximum phase shift relative to baseline for four
locations, with each location measured starting from the base. The
phase maxima occurred at different times for each location as
shown. No anomaly was observed for the 18 cm location or for
similar locations lacking significant mineralization. (B) Temporal
development of the 4 cm phase anomaly.

FIGURE 4. (A) Baseline acoustic waveforms associated with
propagation through the center of the column. Both amplitude and
velocity information can be extracted from the waveforms, with
amplitudes plotted according to color and velocities related to the
arrival time of the first color transition (∼75 µs). (B) Identical slice
taken after 20 days; flow direction is upward for both images with
the influent end at the bottom. (C) Acoustic data illustrating variations
in the waveform amplitude associated with the 2 cm sampling
position.
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Hydraulic Conductivity. Variations in the saturated
hydraulic conductivity (Ks) of the sediments were observed
over the course of the experiment. Reductions in Ks for the
inoculated column were modest over the first 17 days,
decreasing by 12% from an initial value of 1.04 × 10-4 m/s.
Another measurement made on day 20 showed no change
in Ks over the 3 day interval. As the visible accumulation of
mineral precipitates continued, the reduction in Ks became
more pronounced. By day 53, the value of Ks reached 4 ×
10-6 m/s, a total decrease of 96% from baseline. Measure-
ments of Ks for the abiotic control sediments showed no
significant deviation from baseline over the same time
interval, with initial and final values of 8.5 × 10-5 and 8.2 ×
10-5 m/s, respectively.

Microbe-Mineral Associations. Post-experimental analy-
sis allowed us to correlate the observed changes in geo-
physical signals with the distribution of mineral precipitates
and microbial biomass. Total extractable metal concentra-
tions ranged from 99 to 0.5 µmol/g sediment for Zn and
128-0.1 µmol/g sediment for Fe. Metal enrichment was
concentrated toward the base of the columns (Figure 5), with
76% of the extractable Zn and Fe recovered within the first
2 cm, corresponding to a volumetric enrichment of 1.4%.
Minor enrichments of both Zn (18%) and Fe (17%) were
recovered 2-6 cm from the inlet end, with an additional
enrichment (∼4%) recovered 12 cm from the end, near the
initial point of inoculation. Viable biomass determined by
phospholipid fatty acid analysis of grain-affixed cells varied
from 1.6 × 109 to 3.3 × 106 cells/g sediment. The final cell
concentrations along the columns paralleled those of the
metals (Figure 5), with 96% of the biomass recovered within
the first 6 cm. Unlike the metals, no minor enrichments in
biomass were found at locations downgradient from 6 cm.
The recovered lipid biomarkers, in particular, the branched
lipids i17:1ω9c and 18:1ω7c, were consistent with those
previously reported for the genus Desulfovibrio (23). The
uniformity in the type of extractable lipids was indicative of
a monoculture, suggesting that little or no contamination
occurred over the experimental period.

Scanning and transmission electron microscopy docu-
mented significant spatial variability in the abundance and
distribution of cells and their associated mineral products.
SEM analysis of basal sediments revealed grain coatings
consisting of dense accumulations of sulfide-encrusted
microbes. These coatings frequently extended into pores,
spanned adjacent grains, and occluded pore throat openings
(Figure 6A). SEM analysis of chemically unfixed samples
revealed cohesive metal sulfide aggregates that adopted the
shape of the underlying cells (Figure 6B,C). The material
deposited within the cells was spatially persistent, maintain-
ing its shape even after cell death (Figure 6C).

TEM-based analysis of the precipitates revealed them to
be a mixture of sphalerite (ZnS) and mackinawite (FeS), with
an average crystal size of 3 nm. Mineralogical identification
was accomplished through analysis of the selected area
electron diffraction patterns (data not shown), with elemental
compositions confirmed using energy-dispersive X-ray spec-
troscopy. Aggregates frequently spanned the outer membrane
of cells (Figure 7A), occasionally filling, and in some cases
swelling, the periplasmic space. Aggregates of ZnS and FeS
ranged from clusters of nanocrystals to larger assemblages
up to 10-20 µm in diameter (Figure 7B,C).

The number of precipitate-free cells increased with
distance from the influent end (4-6 cm). Cells in these regions
formed biofilms that coated mineral precipitates (Figure 8A,B)
that were morphologically and compositionally distinct
from those found closer to the influent end. The dominant
mineral was FeS with a platy crystal habit (Figure 8C), which
appeared to be spatially continuous across grain surfaces
(Figure 8A). The FeS laths may have resulted from the aging
of a few nanometer diameter particles that formed early in
the experiment near the initial point of inoculation (Figure
7C).

SEM analysis of the low biomass sediments from non-
mineralized portions of the columns revealed significant
variability from those sediments recovered within the first
few centimeters of flow (see Supporting Information). No
evidence of biomineralization was detected, nor were the
cells found within biofilms; rather, the observed cells were
found to be planktonic and free of membrane-bound
mineralization. Sediments from the downgradient locations
closely resembled those recovered from the noninoculated

FIGURE 5. Total extractable Zn, Fe, and viable biomass (cells) as
a function of distance from the influent end; flow direction was
from base to the higher valued locations.

FIGURE 6. (A) SEM image of encrusted quartz grains from the column
base; precipitates spanned multiple grains obstructing pore throat
openings. Bar: 200 µm. (B) SEM image of metal sulfide encrusted
microbes and spherical aggregates. Bar: 10 µm. (C) High-resolution
SEM image of a fractured cell encrusted in compositionally mixed
ZnS and FeS. Bar: 0.5 µm.
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controls, with little alteration of grain surfaces and no
obstruction of pore throats.

Discussion
The results presented in this study illustrate the complex
phenomena that occur even under relatively controlled
column conditions and illustrate the utility of geophysical
methods for monitoring the pore scale changes associated
with the stimulation of sulfate-reducing bacteria and the
immobilization of aqueous metals. The role of sulfate-
reducing bacteria in the precipitation of toxic metals is well-
documented, and strategies involving their stimulation are
under investigation for the field scale remediation of
contaminated sites (24, 25). Our results show that initial
variations in both complex resistivity and acoustic wave
signatures correlate well with biogeochemical measurements
indicative of sulfate reduction and that they are related to

the nucleation and accumulation of metal sulfide precipitates
within the pore space. In addition, time-varying changes in
the geophysical signals appear to offer insight into the
aggregation state of the sulfides and may be indicative of
crystal growth and aging.

Temporal changes in the effluent concentration of lactate,
acetate, and sulfate (Figure 1A,B) correspond to the onset
(after 3-5 days) and pseudo-steady-state maintenance of
microbial sulfate reduction (5-73 days). Stoichiometric
amounts of acetate were produced with lactate consumed,
suggesting that the primary organic carbon-consuming
reaction is the incomplete oxidation of lactate to acetate and
CO2, an observation consistent with that of other workers
(26). Aqueous concentrations of both Zn and Fe were
observed to decrease in direct proportion to decreasing sulfate
concentrations. As such, the stimulation of D. vulgaris by
lactate amendment and the resulting sequestration of metals
in insoluble sulfides can be expressed as a two-step process:

The aqueous hydrogen sulfide may then react with any metals
in solution (e.g., Zn2+, Fe2+) precipitating as metal sulfides

Given the low solubility products (Ksp) of most metal sulfides
(e.g., Ksp values ranging from 10-17.2 for FeS to 10-25.2 for
ZnS), even low concentrations of hydrogen sulfide can
effectively remove aqueous metals from solution (27, 28).

Because of the low solubility of the sulfides and the rapid
rate of precipitation (29), the formation and accumulation
of ZnS and FeS was largely confined to the region of active
sulfate reduction. The spatiotemporal changes in both solute
and planktonic cell concentrations (Figures 1B and 2)
suggested chemotaxis by D. vulgaris toward the region of
greatest substrate concentration (30). Although the direction
of chemotaxis was against flow, the specific flux near the
grain boundaries was sufficiently low to allow for easy
motility. As feed solutions were introduced at the bottom of
each column, substrate concentrations were always highest
in this area. The start of the experiment, however, coincided
with the greatest cell concentration near the point of
inoculation (Figure 2, day 2). As a result, microbial sulfate
reduction began in this region (14 cm, measured from the
column base), as did the initial accumulation of sulfide
precipitates. By day 19, the distribution of cells in the columns
had reached stable levels (Figure 2), with concentrations near
the inlet 2 orders of magnitude higher than those down-

FIGURE 7. (A and B) Cross-sectional TEM images of a single D. vulgaris cell with membrane-bound ZnS and FeS precipitates. (C)
High-resolution TEM revealed the nanocrystalline character of the precipitates with a typical particle size of 3-5 nm.

FIGURE 8. (A) SEM image of a grain surface located 4 cm from the
column base showing biofilm development atop dense accumula-
tions of mineral precipitates. Bar: 20 µm. (B) SEM image of a similar
location showing nonencrusted cells screening compacted sulfide
precipitates. Bar: 5 µm. (C) High-resolution TEM image of coarsened,
aged sulfides from the same location. Bar: 5 nm.

2CH3CHOHCOO- + SO4
2- f

2CH3COO- + 2HCO3
- + H2S (1)

Fe2+, Zn2+ + H2S (aq) f FeS, ZnS (s) +2H+ (2)
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gradient. The eventual migration of cells toward the inlet
end did not necessarily proceed in a linear fashion, as cells
were already present at low concentrations (103 cell/mL) in
this area on day 2. Given the nature of exponential growth
and their proximity to elevated substrate concentrations, cells
in the first 2-4 cm may have rapidly overtaken the initially
larger downgradient cell populations. Once cell growth in
this region outpaced the available supply of nutrients, the
reduction of sufficient sulfate to remove all subsequent metals
from solution (∼0.67 mM) was occurring within the first few
centimeters of flow. Such an effect can be observed in the
differing rates of substrate utilization for two locations (Figure
1), with the location exhibiting a more rapid rate of utilization
(19.0 cm) corresponding to the region of initially higher cell
concentration.

The distribution of extractable metals and viable biomass
after 78 days reflects such a sequence of events, with
enrichment heavily concentrated toward the base. In a similar
fashion, the temporal geophysical anomalies correlated
directly with the formation and accumulation of mineral
precipitates (Figure 3A). The initial phase shifts in the complex
resistivity data were concomitant with the early-stage removal
of metals from solution (day 6), both of which occurred near
the point of inoculation. Subsequent phase shifts, however,
did not progressively trend toward the inlet end. Rather, they
shifted location abruptly, and by day 13, the largest phase
shifts were associated with sediments closer to the point of
nutrient influx. Perhaps due to their lower sensitivity to
mineral precipitates, acoustic waves were not significantly
attenuated until day 16 once larger sulfide enrichments had
occurred, and then only in first 6 cm of flow (Figure 4C). The
shift in sulfate reduction toward the column base caused
metal sequestration to be confined to this region, and
downgradient sediments experienced few of the physio-
chemical changes that resulted in time-varying geophysical
signatures. As a result, basal sediments exhibited the most
significant deviations in both phase response and acoustic
wave amplitude, while no significant signal changes were
observed for either unmineralized or sparingly mineralized
regions of the column.

The properties of the nanocrystalline precipitates and their
nucleation and growth within the pore space are critical in
interpreting the geophysical responses. As a result of the
numerous unsatisfied bonds along their surfaces, individual
metal sulfide nanocrystals are expected to have both high
surface area and charge density. Freshly precipitated ZnS
and FeS are therefore expected to modify the electrical charge
transport through the sediments by encouraging a flow of
dissolved ions to and from the metal-electrolyte interface.
The resulting ionic concentration gradients will oppose ionic
migration under an applied electric field, leading to the
anomalous phase behavior observed during the complex
resistivity measurements. As evident from the phase response,
this polarization is further enhanced when minor concen-
trations of redox active ions in solution (e.g., HS- resulting
from dissociation of H2S) engage in reversible electrochemical
reactions at metal sulfide surfaces (eq 2) (31). Such effects
are well-documented for metal-rich ore deposits (32) and
form the basis for using low-frequency electrical methods in
mineral prospecting (33).

The decreases in acoustic wave amplitude are attributed
to the development of differential elastic moduli resulting
from the accumulation of metal sulfide-encrusted microbes
within the pore space. The sulfide aggregates are themselves
a distinct porous material embedded within the main pores
of the quartz sand (Figures 4B,C and 5B). As such, when an
acoustic wave compresses the entire sand/sulfide assem-
blage, the micropores of the aggregates respond with a
different fluid pressure than the macropores of the sand
grains. This difference in fluid pressure results in a viscous

flow of fluid from the aggregates to the main pores that
attenuates acoustic energy. Such an effect can account for
large decreases in amplitude and can be modeled using
recently developed double-porosity models of acoustic wave
attenuation (17). The models indicate that the attenuation
mechanism operates over a wide range of frequencies and
imply the applicability of our high-frequency laboratory
measurements (1000 kHz) to those made under field condi-
tions (0.1-1 kHz). Differences between the elastic moduli of
the sulfide bearing pores and those not containing ap-
preciable precipitates may have further enhanced this
attenuation mechanism.

Several possible factors likely contributed to the time-
varying nature of the geophysical signatures that followed
sulfide precipitation. Temporal decreases in the phase
response may have been the result of two dynamic effects.
First, biofilm polymers may have screened early-formed
sulfides from the pore fluids, diminishing the surface effect
of the sulfides on electrolytic charge migration and elec-
trochemical reactivity (Figure 8A,B). In addition, the growth
and aging of FeS precipitates (Figure 8C) may have led to the
formation of electrically conductive short-circuits along grain
surfaces that diminished the phase response (34). The
development of such features would be expected to increase
the bulk electrical conductivity of the sediments over time,
and such an effect was observed (see Supporting Informa-
tion). Temporal variability in the phase response for the 4
cm location (Figure 3B) was accompanied by an inverse
change in the measured bulk conductivity of the sediments,
a value controlled by the relative ease with which current-
carrying ions migrate through the pore fluid and along grain
surfaces. As the measurement of influent conductivities
showed little variation over the experiment, the increase in
bulk conductivity is inferred to be the result of an increase
in the charge-carrying capacity of conductive grain-coatings
(e.g., FeS). This interpretation is supported by published
values of the conductivity of both poorly crystalline and bulk
FeS mineral phases, with the conductivity of amorphous FeS1.5

found to be 5.4 × 10-6 S/m (35) and that of the bulk form
found to be ∼104 S/m (14). The decrease in the frequency
of the maximum phase shift with time also suggests
precipitate growth and aging (Figure 3B); experiments
performed on mixtures of sand and metal sulfides have found
a similar inverse correlation between sulfide grain size and
frequency (32, 36). On the basis of the available data, we
might expect a decrease in critical frequency of several orders
of magnitude as the individual nanocrystals aggregate; our
data exhibit a similar trend over time, with frequencies
decreasing by nearly 1 order of magnitude.

The rebound in acoustic wave amplitudes may have
resulted from a combination of factors. These include
increasing homogeneity in the distribution of mineral
precipitates within the pores as time elapsed and the loss of
secondary porosity structures brought about by the coarsen-
ing of the metal sulfides. In addition, researchers have found
large variations in elastic moduli between nanoparticulate
and bulk phases of the same material. Pan et al. (37) have
shown the nanocrystalline form of ZnS to have significantly
higher bulk modulus than its bulk counterpart. As a result,
the contrast in the elastic moduli between mineralized and
nonmineralized regions decreased as growth and aging
proceeded, leading to a slightly diminished attenuation
mechanism.

Coarsening of the nanoparticulate sulfide phases is most
likely controlled by growth through oriented attachment,
which involves the spontaneous reorganization of neighbor-
ing nanoparticles (Figure 7C) such that they share a common
crystallographic axis (38). Crystal growth proceeds as the
two particles join along a planar interface, and the process
is repeated along the new terminating ends (Figure 8C). The
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particle movement needed to achieve orientation within the
random aggregates may have arisen through a combination
of Brownian motion within the saturated pores and shear
forces resulting from fluid flow through the porous medium.
The later contribution would be enhanced as pore fluid
velocities increased due to pore throat restrictions resulting
from the accumulation of precipitates and biomass (Figure
6A). Given the observed 96% decrease in saturated hydraulic
conductivity, numerous such restrictions were likely.

In cases where remediation of aqueous metals is ac-
complished through precipitation of insoluble phases, such
a growth mechanism is highly desirable (5). Any increase in
the overall size of the precipitates as a result of crystal-
lographic growth typically acts to decrease their mobility
and should increase their likelihood of sequestration within
the pore space (39, 40). Our results suggest that geophysical
monitoring may offer insight into the time-varying aggrega-
tion state of the sulfides. The variations in the phase response
of the complex resistivity data correlate well with the initially
nanoparticulate form of the sulfides (Figure 7B,C). Their large
specific surface area and discontinuous nature induce
measurable phase anomalies. As individual nanocrystals
aggregate into larger clusters around cell surfaces, growth
through oriented attachment proceeds. This results in an
overall decrease in the phase response as mineral coarsening
and growth leads to the formation of continuous crystals
that span multiple grains. Similarly, as growth proceeds and
the aggregates become more densely packed (Figure 8B),
the secondary porosity structure that led to the early-stage
attenuation of acoustic waves is diminished, resulting in a
slight rebound in amplitudes.

Here, we have shown that the stimulation of sulfate-
reducing microorganisms and the associated formation of
insoluble metal sulfides create physical property changes
that are directly detectable using geophysical techniques.
We have resolved spatiotemporal changes in complex
resistivity and acoustic wave propagation resulting from
variations in the electric charge carrying capacity and elastic
moduli of precipitates and pore fluids. The changes persisted
over time and were confined exclusively to those regions
where metals were sequestered in insoluble precipitates.
Temporal changes in the geophysical signals appear to offer
insight into the aggregation state of the sulfides and may be
indicative of pore scale crystal growth and aging, with such
a result having implications for the fate and transport of the
microbe-induced precipitates. Our laboratory results are
relevant to the larger spatial scales of the natural environment
where methods currently used for field-scale geophysical
monitoring may be used in an analogous fashion. These
results show the potential of using complex resistivity and
acoustic wave techniques for remotely monitoring regions
of contaminant sequestration via biomineralization and for
evaluating the overall long-term stability of such precipitates.
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